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AUTOMATIC TEST EQUIPMENT FOR ELECTRONIC COMPONENTS 

VOLUME I - SUMMARY  REPORT 

By William A. Heffner  
M a r t i n   M a r i e t t a   C o r p o r a t i o n  

SUMMARY 

This  volume  summarizes the f i n a l   r e p o r t  (Volume II), which 
d e f i n e s   a n   a u t o m a t i c  t e s t  f a c i l i t y   f o r  NASAIERC f o r   t e s t i n g   d i s -  
c r e t e   a n d   i n t e g r a t e d   e l e c t r o n i c   c o m p o n e n t s .   I n   a d d i t i o n ,   t h e  
f a c i l i t y  i s  t o   s e r v e   a s  a t e s t  bed f o r   a l g o r i t h m s   a n d   d i a g n o s t i c  
techniques  under   development   by NASA/ERC. C a p a b i l i t y   f o r   e x t e n -  
s i o n   o f   t h e   f a c i l i t y   i n t o   o t h e r   t e s t i n g   c a t e g o r i e s ,   a n d  use by 
o t h e r  NASA c e n t e r s   a n d   i n d u s t r y ,   h a s   b e e n   g i v e n   c o n s i d e r a t i o n .  

INTRODUCTION 

T h i s   r e p o r t   c o v e r s   a n   a n a l y s i s   o f   r e q u i r e m e n t s ,   c a n d i d a t e  
c o n f i g u r a t i o n s ,   s p e c i f i c a t i o n   o f   t h e   s e l e c t e d   c o n f i g u r a t i o n s ,   a n  
a c q u i s i t i o n   p l a n ,   a n d  a c o s t   e f f e c t i v e n e s s   s t u d y .   A s s e s s m e n t s  
a r e  made o f   c u r r e n t   i n d u s r r y  test  p r a c t i c e s ,   l a n g u a g e s ,  t es t  
equ ipmen t   s t anda rds ,   and   r ecommenda t ions   fo r   add i t iona l   deve lop -  
ment a c t i v i t y .  

I n   t h i s   r e p o r t ,   p r i m a r y   e m p h a s i s   h a s   b e e n   p l a c e d   o n   t h e   f o l -  
l o v i n g  aspects of   the  problem: 

1) Computer; 

2)  Man/machine i n t e r f a c e ;  

3) T e s t   s t a t i o n   a r c h i t e c t u r e .  

R e l a t i v e l y  l i t t l e  emphas is   has   been   p laced  on: 

1) S p e c i f i c   s t i m u l i   o r   m e a s u r e m e n t s ;  

2) T e s t i n g   c r i t e r i a   o r   m e t h o d s .  



From  a t e c h n i c a l   s t a n d p o i n t ,   t o d a y ' s   c o m p o n e n t s   a r e   r e a s o n -  
a b l y  well s e r v e d   b y   e x i s t i n g  t e s t  e q u i p m e n t ,   s p e c i f i c a t i o n s ,   a n d  
p r a c t i c e s .   P r o b l e m s   e x i s t   i n  t es t  da ta   managemen t ,   t he   p ro l i f e ra -  
t i o n   o f   s e m i c o n d u c t o r   a n d   i n t e g r a t e d  c i r c u i t  t ypes ,   and   t he   more  
r a r i z i e d   r e l i a b i l i t y   r e q u i r e m e n t s   o f   s p a c e   a n d   c e r t a i n   m i l i t a r y  
a p p l i c a t i o n s .  

F u t u r e   r e q u i r e m e n t s  will b e   d i c t a t e d   b y   t h e   u n m i s t a k a b l e  
t r ends   t oward  medium- a n d   l a r g e - s c a l e   i n t e g r a t i o n  (MSI and  LSI) .  
O t h e r   p e r t i n e n t   d e v e l o p m e n t s   a r e   d e v i c e s   b a s e d   o n   d i f f e r e n t   p h y s -  
i c s ,  a n d   c o m b i n a t i o n   e l e c t r o n i c l m e c h a n i c a l   d e v i c e s .  A l l  o f   t h e s e  
will make much o f   t h e   p r e s e n t   s p e c i a l - p u r p o s e   e q u i p m e n t   a n d  me- 
thodology  obsole te .   Wi th   LSI   a lone ,   components  w i l l  s h o r t l y   a c -  
q u i r e   t h e   c o m p l e x i t y   o f   y e s t e r d a y ' s   s u b s y s t e m s  -- w i t h o u t   t h e  
a c c e s s i b i l i t y   o f   t h e   o l d   p a c k a g i n g   t e c h n i q u e s .  Test hardware will 
c o n t i n u e   t o   b e   d e v e l o p e d   t o   p r o v i d e   t h e   r e q u i s i t e  s t i m u l u s  and 
m o n i t o r i n g ;   t h e   r e a l   p r o b l e m s  will l i e  i n   a n a l y s i s ,  t es t  der ' in i -  
t i o n ,   m e a n i n g f u l   d a t a   c o n t r o l ,   a n d   e c o n o m i c s .   T e s t   s p e c i € i c a t i o n ,  
tes t  p e r z o r m a n c e ,   a n d   f a u l t   d i a g n o s i s  will become too   complex   fo r  
i n t u i t i v e   a n d   m a n u a l   a p p r o a c h e s .  

F o r t u n a t e l y ,   t h e   a p p l i c a t i o n  oE t h e   c o m p u t e r   t o   t h e   t e s t  
s i t u a t i o n   p e r m i t s  a series o? new a n d   s o p h i s t i c a t e d   a p p r o a c h e s  
t o  t e s t ,  d i a g n o s t i c s ,   c r i t e r i a ,   a n d   d a t a   h a n d l i n g   t h a t   c a n   b e  
s u f f i c i e n t   t o   m a i n t a i n   p a c e   w i t h   p r o b l e m s .  

Much p r e s e n t   c o m p u t e r - c o n t r o l l e d   t e s t   e q u i p m e n t ,   h o w e v e r ,  
r e p r e s e n t s   o n l y  a v e r y   s m a l l   s t e p   i n   t h i s   d i r e c t i o n .   F o r   t h e  
mos t   pa r t ,   t he   compute r   has   been   u sed  3s  the   "s tepper   s l s r i tch ,"  
t h e   p a t c h b o a r d ,   o r   t h e   t a p e   c o n t r o l l e r   i n  t e s t  equipment  whose 
a r c h i t e c t u r e   a n d   t e c h n i q u e s   r e m a i n   e s s e n t i a l l y   u n c h a n g e d .  A 
b e t t e r   s y s t e m   a p p r o a c h ,   a d d r e s s e d   t o   t h e   n e e d s  o f  t h e   t o t a l   t e s t -  
ing   p roblem,  i s  n e e d e d   a l o n g   w i t h   a n   a r c h i t e c t u r e   t h a t  will g i v e  
the  computer   and i t s  s o f t w a r e   t h e   p r o p e r   r o l e .  The i n t r o d u c t i o n  
o f  t h e   m i n i c o m p u t e r   h a s   p r o b a b l y   d e l a y e d ,   r a t h e r   t h a n   h e l p e d ,   t h e  
s i t u a t i o n ;   l o w   p r i c e   h a s   e x t e n d e d  i t s  u s e ,  w h i l e   t h e   l i m i t e d   c a -  
p a b i l i t i e s   h a v e   p u t  a c e i l i n g  on  what  can  be  done i n   t h e   c r i t i c a l  
a reas   o f   man/machine   communica t ion ,   da ta   management ,   and   tes t  
d e f i n i t i o n   a n d   a n a l y s i s .  

F o r   t h e s e   r e a s o n s ,  we h a v e   c h o s e n   t o   e m p h a s i z e   t h o s e   a s p e c t s  
o f   a n   a u t o m a t i c  t e s t  s y s t e m   t h a t  we c o n s i d e r   c r u c i a l   t o   s u c h  
fu tu re   deve lopmen t .  We assume  tha t   equipment   (hardware)  will be 
a v a i l a b l e   t o   p r o v i d e   t h e   p h y s i c a l   i n t e r f a c e   t o   t h e   d e v i c e s  when 
i t  i s  needed ,   and   have   concen t r a t ed   on   dev i s ing  a b e t t e r   s y s t e m  
a p p r o a c h   a n d   a r c h i t e c t u r e .  
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The t e s t  sys t em  mus t   a l so   be   compa t ib l e   w i th   p re sen t   economic  
a n d   p r a c t i c a l   c o n s t r a i n t s .  A t h r e e - p h a s e ,   i n c r e m e n t a l l y   a c q u i r e d  
sys tem  has   been   deve loped   f rom  numerous   de ta i led   conf igura t ions  
a n d   t r a d e o f f s .   I n   t h e   i n i t i a l   c o n f i g u r a t i o n ,  a small computer i s  
u s e d   i n  a d e d i c a t e d   c o n f i g u r a t i o n   w i t h  a s i n g l e  t e s t  s t a t i o n .  
The s t a t i o n  i s  g e n e r a l - p u r p o s e   f o r  a c l a s s   o f  t e s t  d e v i c e s .  A 
minimum t e s t  language  and t e s t  moni tor  i s  implemen ted   w i th in   t he  
i n s t a l l a t i o n .  

Phase I1 u p g r a d e s   t h e   c e n t r a l   p r o c e s s o r   p o r t i o n   o f   t h e   s y s -  
tem t o   p r o v i d e   l o n g - t e r m   e x p a n s i o n   c a p a b i l i t y   a n d   g r e a t l y   i n -  
c reased   sof tware   power .   The  t e s t  s t a t i o n  i s  r e t a i n e d ;   a d d i t i o n a l  
s t a t i o n s  may be  added.  A l a n g u a g e   c o m p i l e r  or a meta-compiler  i s  
r e s i d e n t   w i t h i n   t h e   s y s t e m .   I n t e r f a c e s   w i t h   a d v a n c e d  t e s t  alga.- 
i t hms   and   p rocesso r s ,  now u n d e r   d e v e l o p m e n t ,   a r e   p o s s i b l e .  Op- 
e r a t o r   i n t e r a c t i o n   d u r i n g  t e s t  i s  p r o v i d e d .  

Phase I11 will p r o v i d e   f o r   m u l t i p l e   r e m o t e   o p e r a t i o n s ,   w i t h  
a n   e x p a n d e d   c e n t r a l   p r o c e s s o r   h a n d l i n g   l o c a l  t e s t  needs ,   and   t hose  
o f   o t h e r ,   r e m o t e l y   l o c a t e d   s y s t e m s ,   o v e r   l o w - c o s t   t e l e p h o n e   l i n e s .  
A l l  o p e r a t i o n s ,   i n c l u d i n g   t e s t i n g ,   t r a n s l a t i o n ,   a n d   d a t a   a n a l y s i s ,  
may be  t ime-shared  f rom  the  remote s i t e s  t h r o u g h   t h e   T e s t   C e n t e r .  
The t e s t   s t a t i o n   r e t a i n s   t h e  same b a s i c   a r c h i t e c t u r e ,   e x c e p t   t h a t  
a minicomputer  i s  i n c o r p o r a t e d   i n t o   t h e   r e m o t e   t e r m i n a l s   f o r   h i g h -  
speed  t e s t  o p e r a t i o n s .   V e r y   p o w e r f u l   s o f t w a r e   a n d   b e t w e e n - i n s t a l -  
l a t i o n   d a t a   c o r e l l a t i o n   a r e   p r o v i d e d .  

T h i s   p l a n  may b e   e n t e r e d   a t   a n y   p o i n t ,   f o l l o w e d   i n   r e s p o n s e  
t o   r e q u i r e m e n t s ,   a n d   t e r m i n a t e d   a t   a n y   p o i n t .  The c o n f i g u r a t i o n  
s t u d y   d e f i n e s   t h e   a b o v e   i n   g r e a t e r   d e t a i l .  

Sources   of   Data  

Data   were  der ived  f rom NASA p e r s o n n e l   d i r e c t l y   e n g a g e d   i n  
t e s t i n g ,  a t w o - d a y   r o u n d   t a b l e   c o n f e r e n c e   w i t h   e i g h t  ERC con- 
t r a c t o r s   a n d   g r a n t e e s ,   s e l e c t e d   i n d u s t r y   r e p r e s e n t a t i v e s ,   a n d  
M a r t i n   M a r i e t t a   D e n v e r   D i v i s i o n   p e r s o n n e l   e n g a g e d   i n   t e s t i n g .  
We h a v e   a l s o  drawn f r e e l y   o n   e x t e n s i v e   c o r p o r a t i o n   e x p e r i e n c e  
w i t h   c o m p u t e r i z e d   t e s t i n g  ( A A P ,  Vi-king, e t c ) .  Tape- recorded  
t e l e p h o n e   i n t e r v i e w s ,   o n - s i t e  appra isa l s  and   confe rences ,   and  
d e t a i l e d   p r i n t e d   q u e s t i o n n a i r e s  were a l l   u s e d   i n   d e v e l o p i n g   t h e  
d a t a .  
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Types   o f   Tes t ing  

The c a t e g o r i z a t i o n  of  t e s t i n g   r e q u i r e m e n t s   a n d   p r a c t i c e s   u s e d  
i n   t h i s   r e p o r t  was b a s e d .   o n   o p e r a t i o n a l   r a t h e r   t h a n   s p e c i E i c a t i o n  
r e q u i r e m e n t s .   T h i s   c a t e g o r i z a t i o n  i s  as f o l l o w s :  

R e c e i v i n g   i n s p e c t i o n  - S a m p l e   f u n c t i o n a l   t e s t i n g   w i t h  
o c c a s i o n a l  parameters o r  AC t e s t i n g ;  

S c r e e n i n g  - A combina t ion   of  s t r e s s  a n d   e l e c t r i c a l  
parameter t e s t s ,  u s u a l l y   b u r n - i n   a n d / o r   l i f e   i n  com- 
b i n a t i o n   w i t h  DC parameters,  performed 100% on a l o t  
o f   p a r t s ;  

Q u a l i f i c a t i o n  - An e x t e n s i v e  s e r i e s  of e l e c t r i c a l ,  
t e m p e r a t u r e ,   a n d   e n v i r o n m e n t a l   t e s t s ,   b o t h  1 G O X  and 
s a m p l e ,   d e s i g n e d   t o   v e r i f y   t h a t  a s p e c i f i c  pa r t  t y p e  
w i l l  meet c r i t e r i a  a n d   p r o p e r l y   o p e r a t e   i n   t h e   u s a g e  
environment;  

R e l i a b i l i t y   t e s t i n g  - A s e t  o f   e l e c t r i c a l   a n d / o r  
s t ress  t e s t s  d e s i g n e d   t o   e s t a b l i s h   p a r t   o p e r a t i n g  
h i s t o r y   a n d   f a i l u r e  r a t e s ;  

Component m a n u f a c t u r i n g  - Test  performed b y  t h e  com- 
ponen t   manufac tu re r  t o  conf i rm  Mi l -Spec   requi rements ;  

Component   subassembly  tes t ing - Tes t ing   pe r fo rmed  on 
a g roup   o f   i nd iv idua l   componen t s   t ha t   have   been  a s -  
sembled t o   p e r f o r m  some l a r g e r   f u n c t i o n ;  

Experimental  - T h i s   c a t e g o r y  i s  d i r ec t ed   t oward  
e i t h e r  t h e  d e v e l o p m e n t   o f   t e c h n i q u e s   f o r   t e s t i a g  s,-12 
d i a g n o s t i c s   o r   t h e   u s e   o f   a n   a c l t o m a t L r   f a c i l i t y  a s  a 
t o o l  i n   d e v e l o p i n g  new d e v i c e s  E!): c-rcilnology. 

R e f e r e n c e s   t o   t y p e   o f   t e s t i n g   t h r o u g h o u t   t h e   r e m a i n d e r  of 
t h i s   r e p o r t   a s s u m e   t h e   d e f i n i t i o n s  g i v e n  above.  

Test  Equipment 

E q u i p m e n t   a c t i v e l y   i n   u s e   a t   v a r i o u s   i n s t a l l a t i o n s  i s  d e f i n e d  
i n   t a b l e  I .  Ana lys i s   o f  a number   o f   commerc ia l ly   ava i l ab le  t e s t  
s e t s  i s  g i v e n   i n   t a b l e  11. 
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TABLE I 

UNIQUE OR AUTOMATIC  TEST  EQUIPMENT USED 

1. Semiautomatic  commerical IC tester 
2. Semiautomatic  commercial  transistor  tester 

3. Automatic  commercial  relay  tester 

4 .  Automatic  facility-built IC tester 

5. Automatic  facility-built  discrete-component 
tester 

6. Automatic  commercial  capacitance  bridge 

7. Automatic  commercial  multimeter 

8. Automatic  commerical  resistance-capacitance 
tester 

9. Electron  microscope 

.O. Tap  tester 

-1. Bond puller 

- 
3 

X 

X 

- 

X 

X 

X 

X 

X - 

User 

I 



TABLE I1 

COMMERCIALLY  AVAILABLE  TEST SETS 

F a i r c h i l d  

5000 

8000 

E R 4002 

T e k t r o n i x  S-130 

A A I  1000 

Teradyne  5259 

Texas   Ins t ruments   553  

VI 
U 
H - 

X 

X 

2 

2 

X 

3 

X 

W 
V 
0 
.A 
n - 

1 

1 

2 

2 

1 

3 

1 

1 144 

120 
I 

I 

1 60 

1 6 3  
Spec 
a r r  
o p t  

1 148 

- 

u 
0 
VI . 
m 
u 
VI 
a, 

E 4  - 

!OO 

LOK 

200 

100 

180 

200 

50 

- 

3.1-0.2 

1 

.5  

3 

0 . I  

0.15-0.5 

0.05-2 

0.1-0.2 

1 

1 

3 

0 .22  I 

0.15-V 
0 . 2 5 - 1  
I 

0.2- 
3 . 5  

m 
m a  
u u  
m u  

n m  

T r a n s i e n t  
o r   n o n r e s  
o p t  
Nonres 

Nonres 

T r a n s i e n t  
o r  nonres  

T r a n s i e n t  
o r   n o n r e s  

Nonres 

Nonres 

E W  

U c 0  h o u  
0 0  
h u  
&LC 

m~ 

- 

Disc 

Disc 
o r  
comp 

Mag 
c o r e  

Paper 

and 
t a p e  

d i s c  

Disc 

Mag 
c o r e  

c o r e  

- 

(eyboard 
x o p t  
rape 
rTY o r  
punched 
t a p e  

Keyboarc 
op t   t aps  

Punched 
t a p e  

TTY and 
punched 
t 3pe 

TTY and 
punched 
t a p e  

- 
r( 

4 

0 .rl 
U 
m 
U 
? a 
0 
0 - 

No 

Yes 

No 

No 

No 

Yes 

Yes 

rlachine 

Machine 

Machine 

Machine 

Machine 
(mnemonic: 

Machine 

Machine 



The  low l e v e l  of   computer   use   in  much of   che  equipment  i s  
s t r i k i n g ,   i n   v i e w   o f   t h e   c o n s i d e r a b l e   i n t e r e s t   a n d   l i t e r a t u r e  
c u r r e n t l y   b e i n g   g e n e r a t e d .  

Component m a n u f a c t u r e r s   u s e   a u t o m a t i c  t e s t  equipment   a lmost  
e x c l u s i v e l y .  The cos t   o f   such   equipment  i s  n o t   t r i v i a l .   F o r   t h e  
m o r e   c o m p l e x   d e v i c e s ,   t h e   c o n t r o l   c i r c u i t r y   i n   t h e  t e s t  s t a t i o n  
becomes 2 s i g n i f i c a n t  cos t  e lement .  Few i n s t a l l a t i o n s  will have 
f u n d i n g   a v a i l a b l e   t o   d u p l i c a t e   s u c h   e q u i p m e n t   f o r  each new k i n d  
o f   p a r t  as i t  r e a c h e s  common use .  (To a l a r g e   e x t e n t ,   t h i s  i s  
what i s  h a p p e n i n g   t o d a y ;   i n s t a l l a t i o n s  now i n v e s t i n g   s e v e r a l  
h u n d r e d   t h o u s a n d   i l o l l a r s   i n   a n   a u t o m a t i c   i n t e g r a t e d   c i r c u i t  t e s t  
system w i l l  d i s c o v z r   t h a t   t h e y   m u s t   a d d i t i o n a l l y   i n v e s t   h a l f  
a g a i n  as much i n  a t e s ~  s y s t e m   f o r  L S I . )  

Genera l  Comments and  Problems 

i f   t h e r e  were a s i n g l e   m a j o r   p r o b l e m   t o   b e   e x t r a c t e d   f r o m  
t h e   e n t i r e   r e q u i r e m e n t s   s u r v e y ,  i t  wou ld   be   i n   t he   a r ea   o f   da t a  
management.  This was m e n t i o n e d   e x p l i c i t l y   b y   m o r e   c o n t a c t s   t n a n  
a n y   o t h e r   s i n g l e   p r o b l e m .  

The t e s t s   c o n s i d e r e d   m o s t   e f f e c t i v e   b y   t h e   s u r v e y   c o n t a c t s  
a r e   h e a v i l y   o r i e n t e d   t o   e n v i r o n m e n t a l   ( s t r e s s )   t e s t i n g .   E l e c t r i -  
c a l   t e s t i n g  i s ,  o f   c o u r s e ,   n e c e s s a r y   t o   v e r i f y   t h a t   t h e   d e v i c e  
p e r f o r m s   d u r i n g ,   o r   a f t e r ,  s t r e s s  a p p l i c a t i o n ;   n e v e r t h e l e s s ,   t o -  
d a y ' s   e l e c t r i c a l  t e s t s  a r e   o b v i o u s l y   n o t   c o n s i d e r e d   s u E f i c i e n t  
t o   v e r i f y   d e v i c e   i n t e g r i t y   h y   t h e m s e l v e s .  

E s t a b l i s h m e n t   o f   s t a n d a r d i z e d   t e s t i n g   p r a c t i c e s ,  parameters, 
a n d   s t r e s s e s  f o r   i n c r e a s i n g l y   c o m p l e x   a n d   s p e c i a l i z e d  c i r c u i t s ,  
such as LSI,  p r o m i s e s   t o   b e  a d i f f i c u l t   a n d   d r a w n - o u t  p r o p o s i t i o n .  

T e c h n i q G e s   f o r   d e t e c t i n g   f a u l t y   j u n c t i o n s   o r   " c o m p o n e n t s "  
w i t h i n   t h e   L S I   c h i p  iflust b e   d e v e l o p e d   f o r   L S I   t o  become  economi- 
c a l l y   p r a c t i c a l .   T h i s  i s  n o t   i n   r e f e r e n c e   t o   u s e r  r e p a i r  b u t  tu 
t h e   a b i l i t y   t o   f a b r i c a t e  a w o r k i n g   c h i p .   T h i s   a p p e a r s   t o   b e   t h e  
m o s t   d i f f i c u l t   p r o b l e m   a s s o c i a t e d   w i t h   L S I   t e s t i n g ,   A l m o s t   c e r -  
t a i n l y ,   s o p h i s t i c a t e d   u s e   o f   t h e   c o m p u t e r  w i l l  b e   n e c e s s a r y .  A 
p o t e n t i a l   d e v e l o p m e n t   p a t h   t h a t  i s  o f t e n   o v e r l o o k e d   t o d a y  i s  t h a t  
o f   l i n e a r  L S I  d e v i c e s .   I n  a l l  b u t  two c a s e s ,   t h e   s u r v e y   c o n t a c t s  
a s sumed   t ha t  L S I  d e f i n e d   p u r e l y   d i g i t a l   c i r c u i t r y .  The r e c e n t  
i n t r o d u c t i o n   o f   c o m p l e x   a n a l o g   c i r c u i t r y   i n   s i n g l e   m o n o 1 i t t . i ~   d e -  
v i c e s   d o e s   n o t   s u p p o r t   t h i s   a s s u m p t i o n .   L i n e a r  L S I  devLces w i l l  
make e x t r e m e   d e m a n d s   o n   t h e   f l e x i b i l i t y   o f  t e s t  equipment .  

Concentrat ion  on  LSI,   however ,  i s  l i k e l y   t o   l e a v e   o n e   u n p r e -  
p a r e d   f o r   o t h e r  new d i r e c t i o n s   i n   c o m p o n e n t s ,   s u c h  as o p t i c a l  
c i r c u i t r y ,   a n d   a c t i v e   e l e c t r o m e c h a n i c a l   d e v i c e s .  7 



REQUIREMENTS 

The   "Requ i remen t s "   s ec t ion   o f  Volume I1 d e v e l o p s   t h e  re- 
q u i r e d   c h a r a c t e r i s t i c s   o f   t h e   a u t o m a t i c  t es t  system f rom  the  
da t a   ob ta ined   i n   t he   r equ i r emen t s   su rvey .   The   me thod   u sed   fo l -  
lows tha t   desc r ibed   by   Hef fne r*   and  i s  d e t a i l e d  more f u l l y   i n  
Volume I1 o f   t h i s  r e p o r t .  

Tab le  111 l i s t s  spec i f i - c   we igh ted   r equ i r emen t s   by   ca t egory  
o f   t e s t i n g ,   a n d   t a b l e  I V  s u m m a r i z e s   t h e   c h a r a c t e r i s t i c s   n e e d e d  
t o  meet the   r equ i r emen t s .  

The c h a r a c t e r i s t i c s ,   o n c e   e s t a b l i s h e d ,   p a r t i a l l y   d e t e r m i n e  
t h e   s y s t e m   a r c h i t e c t u r e   a n d   c o n f i g u r a t i o n .   N o n r e s i d e n t   d a t a ,  
f o r   e x a m p l e ,   d e f i n e  a r e l a t i v e l y   e f f i c i e n t   d a t a   o u t p u t   d e v i c e ,  
s u c h   a s   p u n c h e d   c a r d s ,   w h i l e   l o c a l l y   r e s i d e n t   d a t a   d e f i n e  a 
s e c o n d a r y   s t o r a g e  rredicn, s u c h   a s  a drum. 

Computational/Noncomputational 

The   sys t em  mus t   be   computa t iona l .   Da ta   ana lys i s ,   l og ica l  
o p e r a t i o n s   f o r   c o m p l e x   l a r g e - s c a l e   a r r a y s ,   a n d   m i n i m i z a t i o n  of  
s p e c i a l - p u r p o s e   s t a t i o n   h a r d w a r e   d i c t a t e   t h i s   r e q u i r e m e n t .  

Data Access 

The  method of  t e s t  d a t a   h a n d l i n g  w i l l  v a r y   w i t h   t h e   t y p e  
o f  t e s t .  I n   t h e   i n i t i a l   s y s t e m   u s e s ,   n o n r e s i d e n t   d a t a  may be 
s u f f i c i e n t ;   a s   d i a g n o s t i c   c a p a b i l i t i e s   a r e   d e v e l o p e d ,   l o c a l  
d a t a   a c c e s s  w i l l  be needed. Some d e g r e e   o f   g l o b a l   d a t a   a c c e s s  
w i l l  b e   r e q u i r e d   f o r   r e l i a b i l i t y   u s a g e .  

It  i s  recommended t h a t   i n i t i a l   i m p l e m e n t a t i o n   p r o v i d e   l o c a l  
d a t a   a c c e s s .  The very  s low  output   provided  by  punched  paper  
t a p e  w i l l  b e   a n   u n n e c e s s a r y   b u r d e n   i n  many tes t  r u n s  when t h e  
d e c i s i o n  on w h e t h e r   t h e   d a t a   a r e   s i g n i f i c a n t   a n d   s h o u l d   b e  re- 
t a i n e d  may n o t   b e  made u n t i l   a f t e r  t e s t  comple t ion .  

P r o v i d i n g   l o c a l   d a t a   a c c e s s   p e r m i t s   t h i s   d e c i s i o n   ( a n d   c o n -  
s e q u e n t   i n v e s t m e n t   i n  time) t o   b e  made on t e s t  comple t ion .   La te r  
phases   o f   t he  system s h o u l d   p r o v i d e   g l o b a l   d a t a   a c c e s s   t o   t h e   e x -  
t e n t   n e c e s s a r y   t o   d e t e c t   t r e n d s   o r   c o r r e l a t i o n s   n e c e s s a r y   f o r   r e a l  
t ime o p e r a   t i o n .  

;'W. A. Hef fne r :   Au tomat i c   Tes t  - An Overview a n d   C l a s s i f i -  
c a t i o n .   P r e s e n t e d   t o   t h e  AAS/ORSA J o i n t   N a t i o n a l   C o n f e r e n c e ,  
Denver,   Colorado,  June  1969. 
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TABLE 111 

REQUIREMENTS BY TYPE OF TESTING 

Type of t e s t i n g  

R e c e i v i n g   i n s p e c t i o n  

Screening  

Q u a l i f i c a t i o n  

R e l i a b i l i t y  

Component i n - p r o c e s s  

Assembly  in-process 

Laboratory  automation 

Experimental  

aLangua  ge : 

Language ( a )  - 
New 
e s t s  

3 

2 

- 

2 

1 

2 

4 

2 

4 - 

Flex 
- 

1 

1 

2 

2 

2 

3 

3 

4 
- 

- 
?ewer 
- 
1 

1 

2 

2 

2 

3 

3 

4 
- 

I n t e r -  

aLt ion  
(b ) 

1 

2 

2 

2 

1 

2 

3 

4 

Data  (c)  

2 1  
I 

1-3 

2 1-4 

Dur 

S 

- 

L 

L 

L 

S 

S 

s -L 

s -L 
- 

2omp 

1-2  

1 -2  

2 

4 

1 

2 

1-4 

2-4 

- 

- 

r 
l a l f u n c t i o n  

. s o l a t i o n  (dl 

0 

0 

0 

0 

0 

3 

1 

2 

Batch 

)pera t i o n  (e) 

I n t e r -  

€ a c e   ( f )  

0 

0 

0 

1 

2 

1 

0 

3 

New t e s t s  - Frequency   of   wr i t ing  new programs; 
F l e x  - Var ie ty   o f  t e s t  f u n c t i o n s ;  
Power - Need fo r   s imp le   expres s ion  o f  complex  funct ions.  

b I n t e r a c t i o n  - Degree   o f   on - l ine   ope ra to r   con t ro l ,   changes ,   and   dec i s ions   r equ i r ed .  

‘Data : 
Quan - R e l a t i v e   d a i l y   o u t p u t  o f  d a t a ;  
Rate  - Requi red   speed   of   da ta   ou tput ;  
Dur - Per iod  of  du ra t ion   o f   con t inuous   da t a   ou tpu t  - -  S = s h o r t   d u r a t i o n   ( l e s s   t h a n   1 / 2   h r )  

L = long   dura t ion   (more   than   1 /2   h r ) ;  
Comp - Complexity o f  da t a   ana lys i s   r equ i r ed   f i n - l i ne .  

d M a l f u n c t i o n   i s o l a t i o n  - Level  of m a l f u n c t i o n   i s o l a t i o n   c a p a b i l i t y   r e q u i r e d .  

eBatch   opera t ion :  
Percentage  o f  u se   fo r   ba t ch   p rocess ing   (p rogram  t r ans l a t ion ,  e t c )  - -  
0 = J % ,  4 = 80%. 

f I r ? t e r f a c e  - Level  o f  requi rement   for   in te r fac ing   wi th   o ther   computer   p rograms,   such   as   computer -a ided   des ign .  



TABLE I V  

REQUIRED CHARACTERISTICS 

Type Analys is   Data  
o f  t e s t i n g  method  access  

R e c e i v i n g   E i t h e r   T r a n s i e n t  
i n s p e c t i o n   n o n r e s i d e n t  

b b  In-process   Computer   Resident  

I Experimental   Computer  Global 

Program R e l a t i o n   t o   C o n d i t i o n a l  
Test  

hardware 
c o n f i g u r a t i o n  method o the r   sys t ems  e x e c u t i o n  

S t o r e d  F ixed  F r e e - s t a n d i n g ,   D a t a ,  
b r e a k p o i n t  dependent  

S t o r e d  F ixed  Dependent Data ,  
b r e a k p o i n t  

S t o r e d  Network, I n t e r a c t i v e  
dependent  

F ixed  

, 

I 
-l 

i 

c o n t r o l  
'est 1 Language 

Dynamic I Compiler 
I 

S t o r e d  E i t h e r  F r e e - s t a n d i n g ,  l n t e r a c t i v e  
independent  , 

Dynamic 1 Compiler 

1 
;red ~1 I n t e r a c t i v e  1 F r e e - s t a n d i n g ,  1 ::;:l11 1 Dynamic 1 Macro, 

dependent   compiler  

S t o r e d   I n t e r a c t i v e   I n d e p e n d e n t  Dynamic  Compiler 



Program  Method 

E x t e r n a l l y   p r o g r a m e d   d e v i c e s ,   w h i l e   s u i t a b l e   f o r   r i g i d  se- 
q u e n c e   o p e r a t i o n s   s u c h   a s   n u m e r i c a l   c o n t r o l ,  some t y p e s  o f  pro- 
d u c t i o n   t e s t i n g ,  and o t h e r   o p e r a t i o n s   r e q u i r i n g  a v e r y  low l e v e l  
o f   o p e r a t o r   p a r t i c i p a t i o n ,   a r e   u n s u i t e d   f o r   t h e   m a j o r i t y   o f  t e s t  
c a t e g o r i e s   i n   p r e s e n t   a p p l i c a t i o n s ,   a n d   t o t a l l y   u n s u i t a b l e   a s  
so lu t ions   t o   fu tu re   p rob lems   and   r equ i r emen t s .   S to red   p rog ramed  
sys tems  provid ing   I .ooping ,   b ranching ,   and   program  modi f ica t ion  
c a p a b i l i t y ,   w i t h  a p o t e n t i a l   f o r  a h i g h   d e g r e e   o f   o p e r a t o r   i n t e r -  
a c t i o n ,   a r e   r e q u i r e d .  

C o n d i t i o n a l   E x e c u t i o n  

F ixed   sequence   sys tems may be   d i sposed   o f   w i th   t he  comments 
above .   For   the  ERC a p p l i c a t i o n ,  some d e g r e e   o f   i n t e r a c t i o n  i s  a 
f u n d a m e n t a l   r e q u i r e m e n t   f r o m   t h e   b e g i n n i n g .   I n   f a c t ,   i n t e r a c -  
t i o n  i s  probably  more s i g n i f i c a n t   i n   t h e   b e g i n n i n g   s t a g e s   t h a n  
i n   t h e   f i n a l   c o n f i g u r a t i o n s ;   t h e   o t h e r w i s e   l i m i t e d   c e n t r a l   p r o -  
ces so r   and   so f tware  w i l l  i m p o s e   v e r y   s e v e r e   p e n a l t i e s   i n  time, 
when e v e r y   c h a n g e   n e c e s s i t a t e s  a r e p r o c e s s i n g   o f  a p rede f ined  
program o r   expe r imen t .  

Free-Standing/Network 

No f i r m   r e q u i r e m e n t   c a n   b e   e s t a b l i s h e d   f o r   o n - l i n e   i n t e r -  
c o n n e c t i o n   w i t h   o t h e r   s y s t e m s ,   e s p e c i a l l y   i n   t h e   e a r l i e r   p h a s e s .  
The  choice i s  n o t   c l e a r   c u t ;   h i g h   d a t a   o u t p u t   o p e r a t i o n s   s u c l ~  
a s   c o n t i n u o u s   m o n i t o r i n g   d u r i n g   r e l i a b i l i t y   t e s t i n g   p o s e   d a t a  
management   p roblems  regard less   o f   the   acquis i t ion   t echniques .  
Because   o f   economic   cons ide ra t ions ,  i t  i s  a s sumed   t ha t  a f r e c -  
s t a n d i n g   s y s t e m  w i l l  s e r v e   t h e   p u r p o s e   i n i t i a l l y ,   w i t h   l o c a l  
r e d u c t i o n ,   c o r r e l a t i o n ,   o r   t r e n d   d e t e c t i o n   t o  some l e v e l .   S u i t -  
a b l e   o u t p u t   m e d i a   f o r   r e s i d u a l   d a t a  w i l l  be p r o v i d e d   a s   r e q u i r e d .  

Independen,t/Dependent 

T h i s   c h a r a c t e r i s t i c  i s  p r o b a b l y   t h e   m o s t   d i f f i c u l t   o f   t h e  
l i s t  t o   e s t a b l i s h .  The d e c i s i o n  i s  pr imar i ly   economic   and  c p  
e r a   t i o n a l .  The   independent   sys tem  of fe rs   numerous   opera t iona l  
a d v a n t a g e s   i f   a n   a d e q u a t e   p r o c e s s i n g   c a p a b i l i t y  i s  a v a i l a b l e .  
On t h e   o t h e r   h a n d ,   t h e   a p p a r e n t   i n i t i a l   c o s t   a d v a n t a g e  o f  a de- 
p e n d e n t   s y s t e m   c a n   r a p i d l y   d i s a p p e a r   i n   c o n v e r s i o n   c o s t s  when 
e i t h e r   t h e   s u p p o r t i n g   o r   t h e  t e s t  i n s t a l l a t i o n  i s  changed. 
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The  recommendation i s  t h a t   a l l   o p e r a t i o n s   d i r e c t l y   a f f e c t i n g  
t h e  t e s t  i t s e l f   ( s u c h   a s   p r o g r a m   t r a n s l a t i o n )   s h o u l d   b e   i n c l u d e d  
w i t h i n   t h e   s y s t e m   a s   i n d e p e n d e n t   f u n c t i o n s ;   o p e r a t i o n s   t h a t   d o  
n o t   d i r e c t l y   s u p p o r t   t h e  t e s t ,  s u c h   a s   p o s t t e s t   d a t a   a n a l y s i s ,  
f o r m a t t i n g ,   o r   f i l i n g   c a n   b e   d e f e r r e d   t o  a s u p p o r t i n g   i n s t a l l a -  
t i o n   o n   t h e   b a s i s   o f   i n d i v i d u a l   e c o n o m i c   t r a d e o f f s .  

F i x e d I V a r i a b l e  

There  i s  l i t t l e  a d v a n t a g e   t o  a v a r i a b l e   c o n f i g u r a t i o n   s y s -  
tem where  only a s i n g l e   o r   s e v e r a l  t e s t  s t a t i o n s   a r e   u s e d .  The 
p r imary   advan tage   t o  a v a r i a b l e   c o n f i g u r a t i o n  i s  a t t a i n e d  when 
a l a r g e  number  of   special-purpose t e s t  channe l s  may b e   c i r c u l a t e d  
among a number of  t e s t  s t a t i o n s   ( t o   a v o i d   p r o v i d i n g   t h e   t o t a l  
number o f  t e s t  c h a n n e l s   i n   e a c h  t e s t  s t a t i o n ) .   T h i s  i s  normal ly  
c h a r a c t e r i s t i c   o f   p r o d u c t i o n   o r   d e p o t  t e s t  o p e r a t i o n s   r a t h e r   t h a n  
t h e   c l a s s e s   o f   t e s t i n g   a d d r e s s e d  by t h i s   s t u d y .  A f i x e d   c o n f i g -  
u r a t i o n   s y s t e m  i s  recommended. 

S ta t ic /Dynamic  

A s L g n i f i c a n t   p o t e n t i a l   a d v a n t a g e   o f   t h e   u s e   o f  a computer 
l i e s  i n   t h e   m i n i m i z a t i o n  of s p e c i a l - p u r p o s e  t e s t  equipment  and 
h a r d w a r e   s o l u t i o n s   t o   p r o b l e m s   t h a t  may be e a s i l y   h a n d l e d   b y   t h e  
c.omputer. I n   t h i s   s e n s e ,  dynamic   con t ro l  by t h e  comput.er o f  tk!r 
t e s t  shou ld   mos t   de f in i t e ly   be  a c h a r a c t e r i s t i c   o f   t h e   s y s t e ~ ~ .  

T h i s  c h a r a c t e r i s t i c   a f f e c t s   t h e  t e s t  s t a t i o n ,   t h e  input / . ; . : i  r. 

p u t   c o n t r o l ,   t h e  method  of command and r e s u l t   a c c e s s ,   a n d   t h e  
c o n c e p t u a l   s t r u c t u r e   o f   t h e   t e s t   m o n i t o r  and t e s t  language.  The 
pr imary   hardware   impl ica t ion  i s  i n   t e r m s   o f   s p e e d ,   i . e . ,   t h e  
bandwid th   o f   t he   t e s t   un i t . j t e s t   p rog ram  communica t ion   l oop .  C . T I ~ -  

f u l   d e s i g n   a n d   s o u n d   c o n c e p t u a l   s t r u c t u r e  is  most   important ;   tk lcre  
i s  l i t t l e  i f   a n y   p e n a l t y   i n   t e r m s   o f   h a r d w a r e   c o s t .   T h e r e f o r e ,  
f u l l  dynamic   opera t ion   has   been   assumed  as  a c h a r a c t e r i s t i c  o f  
t h e   s y s t e m   e v e n   t h o u g h   i n i t i a l l y   t h e   f u l l  u s e  o f   t h i s   c a p a b i . l i t y  
may n o t   b e   r e q u i r e d .  The  economic  advantage l i e s  w i t h   b u i l d i n g  
t h e   c a p a b i l i t y   i n t o   t h e   s y s t e m   a r c h i t e c t u r e   f r o m   t h e   i n i t i a l   s t a -  
g e s ,   e v e n   a t   t h e   p r i c e   o f   p o t e n t i a l l y  somewhat h i g h e r   s o f t w a r e  
a n d   s y s t e m   i n t e g r a t i o n   c o s t .   C o n v e r s i o n   l a t e r   t o   p r o v i d e   s u c h  
c a p a b i l i t y   c a n   b e   p r o h i b i t i v e .  The  long-term  economic  advantages 
i n   m i n i m i z a t i o n  of  spec ia l -pu rpose   ha rdware   cos t   and  tec! lnica I 
o b s o l e s c e n c e   a r e   o v e r r i d i n g .  



Test  Hardware 

T h i s   c h a r a c t e r i s t i c   a f f e c t s   t h e  t e s t  s t a t i o n ,   t h e   i n p u t / o u t -  
p u t   c o n t r o l ,   t h e  method  of command and r e s u l t   a c c e s s ,   a n d   t h e   c o n -  
c e p t u a l   s t r u c t u r e   o f   t h e  t es t  monitor  and t e s t  language. The p r i -  
mary   hardware   impl ica t ion  i s  i n  terms o f   speed ,  i .e . ,  the  band-  
w i d t h   o f   t h e  t e s t  un i t l t e s t   p rog ram  communica t ion   l oop .   Ca re fu l  
d e s i g n   a n d   s o u n d   c o n c e p t u a l   s t r u c t u r e  i s  mos t   impor t an t ;   t he re  i s  
l i t t l e  i f   a n y   p e n a l t y   i n  terms o f   h a r d w a r e   c o s t .   T h e r e f o r e ,   f u l l  
dynamic   opera t ion   has   been   assumed  as  a c h a r a c t e r i s t i c   o f   t h e   s y s -  
tem e v e n   t h o u g h   t h e   i n i t i a l   u s e  may n o t  requi re  f u l l  u s e  of- t h i s  
c a p a b i l i t y .   C o n v e r s i o n   l a t e r   t o   p r o v i d e   s u c h   c a p a b i l i t y   c a n   b e  
p r o h i b i t i v e .  The  long-term  economic  advantages  in   minimizat ion 
o f   spec ia l -pu rpose   ha rdware   cos t   and   t echn ica l   obso le scence   a r e  
o v e r r i d i n g .  

Ma jo r   Conf igu ra t ions  

From t h e   s t a n d p o i n t  o f  g e n e r a l   s y s t e m   a r c h i t e c t u r e ,   t h r e e  
m a j o r   c o n f i g u r a t i o n s   a r e   p r e s e n t l y   p o s s i b l e :  

1) Dedica ted ;  

2)  Time-sharing;  

3 )  M a s t e r / s l a v e .  

T h e o r e t i c a l l y ,   t h e s e   v a r i a t i o n s   i n   a r c h i t e c t u r e   d o   n o t   a f f e c t  
o r   c o n s t r a i n   a n y   c h a r a c t e r i s t i c s   o f   t h e  sys tem.  However, i n   p r a c -  
t i c a l   t e r m s  a v e r y   s i g n i f i c a n t   i n t e r r e l a t i o n s h i p  comes i n t o   p l a y  
when c o s t  i s  in t roduced .  The d e d i c a t e d   c o n f i g u r a t i o n   c a n   c e r t a i n l y  
b e   g i v e n   p r o c e s s i n g   c a p a b i l i t y   a s   p o w e r f u l   a s  a t ime-shar ing   con-  
f i g u r a t i o n .  I t  w i l l  t h e n   b e   i n e f f i c i e n t   i n  terms o f   c o m p u t e r   u t i -  
l i z a t i o n   a n d ,   i n  many a p p l i c a t i o n s ,   n o t   c o s t   e f f e c t i v e .  The p r o -  
c e s s i n g   c a p a b i l i t y  w i l l  e i t h e r   b e   s c a l e d  down, which w i l l  change 
t h e   c h a r a c t e r i s t i c s ,   o r   a d d i t i o n a l   t e s t   i n t e r f a c e s  w i l l  be  added 
and  t ime-shared.  

I f  a ded ica t ed   sys t em i s  d e s i g n e d   i n i t i a l l y   a s  a subse t   o f  
a t ime- sha red   sys t em,   t he re  i s  a r e l a t i v e l y   s m a l l   p e n a l t y   t o  pay 
i n   l a t e r   c o n v e r s i o n   t o   t i m e - s h a r i n g ,   a n d  i t  i s  probably   advanta-  
geous   t o   beg in   w i th  a d e d i c a t e d   s y s t e m   i n   t h e   i n i t i a l   d e v e l o p m e n t  
s t a g e s  . 

We h a v e   d i s c o v e r e d   n o   r e q u i r e m e n t   w i t h i n   t h e   s c o p e   o f   t h i s  
s t u d y   f o r   w h i c h   t h e   d a t a   r a t e s   o r   a n a l y s i s   c o m p l e x i t i e s   a r e   s u c h  
t h a t   t h e y   c a n n o t   b e   h a n d l e d   b y   a n   e f f i c i e n t   t i m e - s h a r e d   s y s t e m .  

13 



I f   o v e r h e a d  i s  proper ly   min imized   and   buf fered  I O  i s  used   exc lu -  
s i v e l y ,   t h e   s y s t e m   d o e s   n o t  become c o m p u t e r - l i m i t e d   u n t i l   a l m o s t  
t h e  maximum e x p a n s i o n   c a p a b i l i t y   h a s   b e e n   a c h i e v e d .   T h e r e f o r e ,  
t h e r e   a p p e a r s  l i t t l e  n e e d   f o r  a m a s t e r l s l a v e   c o n f i g u r a t i o n .  

Recommendations  for  the major s y s t e m   c o n f i g u r a t i o n   a r e   a s  
fo l lows :  

1) The i n i t i a l   i m p l e m e n t a t i o n   s h o u l d   b e   d e d i c a t e d ,  
b u t   d e s i g n e d  a s  a s u b s e t   o f  a t ime-shared  con-  
f i gu rn  t i o n ;  

2 )  A d d i t i o n a l  t e s t  s t a t i o n s  may be  handled  on a 
p l u g - i n - w h e n - n e e d e d   b a s i s   u n t i l   u s a g e   c o n f l i c t s  
become i n t o l e r a b l e .  A t  t h a t   p o i n t ,   t h e   s y s t e m  
should   be   conver ted   to   t ime-shar ing;  

3 )  The s y s t e m  s h o u l d   b e   c a p a b l e   o f   e v e n t u a l l y   d r i v i n g  
m u l t i p l e   r e m o t e   i n s t a l l a t i o n s   t h r o u g h  a r emote   i n -  
t e r f a c e   f o r   b o t h  t e s t  a n d   b a t c h   o p e r a t i o n s .  
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CONFIGURATIONS 

The c o n f i g u r a t i o n   s t u d y   d e f i n e d  a ser ies  of   candida te   con-  
f i g u r a t i o n s   i n   r e s p o n s e   t o  a s e r i e s   o f  t e s t  r e q u i r e m e n t s .  The 
t e s t  r e q u i r e m e n t s   s e l e c t e d   w e r e   f u n c t i o n a l ,   p a r a m e t r i c ,   a n d  r e -  
l i a b i l i t y   t e s t i n g  of d i g i t a l   l a r g e - s c a l e   a r r a y s .  Each   conf igu ra -  
t i o n  was e v a l u a t e d   a n d   p r i c e d .  It was a s s u m e d   d e s i r a b l e   t o  s t a r t  
w i t h  a minimum c o n f i g u r a t i o n   a n d   e x p a n d ;   g r o w t h   p a t h s   w e r e   p l o t t e d  
as a f u n c t i o n   o f   c a p a b i l i t y   a g a i n s t   c o s t .  

A s  a r e s u l t   o f   t h i s   s t u d y ,   u n e c o n o m i c   c o n f i g u r a t i o n s   a n d  
g r o w t h   p a t h s   a r e   i d e n t i f i e d ,   a n d   d e c i s i o n   c r i t e r i a   a r e   d e v e l o p e d  
f o r   u s e  by t h e   T e c h n i c a l   M o n i t o r .   F i n a l   d a t a   a r e   p r e s e n t e d   i n  
such a way t h a t  ERC c a n   s e l e c t   t h e   i n i t i a l   i m p l e m e n t a t i o n   l e v e l  
a n d   u l t i m a t e   " d e s t i n a t i o n "   o f   t h e   s y s t e m   w i t h  a c l e a r   u n d e r s t a n d -  
i n g   o f   t h e   i n i t i a l   a n d   f i n a l   c o s t s   a n d   t e c h n i c a l   c a p a b i l i t i e s .  

Language  -Trans l a  t ion  

A s e p a r a t e   s t u d y   o f   t e s t   l a n g u a g e   t r a n s l a t o r   s c h e m e s  was 
p e r f o r m e d   a n d   r e l a t e d   t o   t h e   s y s t e m   c o n f i g u r a t i o n s .   T a b l e  V 
c o m p a r e s   t r a n s l a t o r   c h a r a c t e r i s t i c s .  

Recommendations f o r   l a n g u a g e   t r a n s l a t o r s   a r e  as f o l l o w s :  

1) Minimum system (A1 o r  Clj - The i n t e r p r e t e r   o f f e r s  
t he   bes t   compromise   because   o f   t he   on - l ine   f l ex i -  
b i l i t y   a n d   s i m p l i c i t y  of  development  and  use;  

2 )  Medium-size  system (Cl') - A procedure   p rocesso r  , i f  
a v a i l a b l e   f o r   t h e   c o m p u t e r  , p r o v i d e s   h i g h   f l e x i b i l i t y  
i n   l a n g u a g e   a n d   h i g h   e f f i c i e n c y   o f   o b j e c t   c o d e   f o r  
low a p p l i c a t i o n   c o s t .  

An u l t ima te   sys t em  migh t   we l l   be   one   t ha t   combines  a powerfu l  
a n d   f l e x i b l e   t r a n s l a t o r   w i t h   a n   i n t e r p r e t e r .   I n   t h i s   s y s t e m   t h e  
t r a n s l a t o r  wou ld   gene ra t e ,   no t   b ina ry   mach ine   code ,   bu t  a s i m -  
p l i f i e d   s y m b o l i c   s o u r c e   l a n g u a g e  a t  t h e   m a c r o   l e v e l .   T h i s  sym- 
b o l i c   c o d e   t h e n   b e c o m e s   a n   i n p u t   t o   t h e   i n t e r p r e t e r .  T h i s  approach  
would o f f e r   t h e  power t h a t   a n   i n t e r p r e t e r   a l o n e   c a n   n o t   a c h i e v e ,  
a n d   t h e   o n - l i n e   c h a n g e   c a p a b i l i t y   t h a t  a p r e - t r a n s l a t o r   c a n   n o t  
o f f e r .   I n   a d d i t i o n ,   t h e   i n t e r m e d i a t e   ( s i m p l i f i e d   s y m b o l i c )   o u t -  
p u t  of  t h e   t r a n s l a t o r   w o u l d   b e   a c c e s s i b l e   t o   t h e   t e s t   e n g i n e e r ,  
so  t h a t   c r i t i c a l   t i m e   s e q u e n c e s   o r   o t h e r   p r o b l e m s   d e m a n d i n g   t i g h t  
con t ro l   o f   t he   gene ra t ed   code   cou ld   be   examined   and   r ea r r anged  
b e f o r e   t e s t   e x e c u t i o n .  
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TABLE V 

TRANSLATOR CHARACTERISTICS 

Genera l  

C a p a b i l i t y  of l anguage  

E x p a n d a b i l   i t y  

C o n d i t i o n a l   t e s t s  

C o n v e r t a b i l i t y   ( t o   o t h e r   d i g i t a l  comp) 

Ease  of   use 

Ease  of   debugging 

R e p o r t i n g / d o c u m e n t a t i o n   p o s s i b i l i t i e s  

" I n - l i n e "   a s s e m b l y   l e v e l   i n s t r u c t i o n s  

"Level ing"   and   "nes t ing"   o f   p rocedures?  

Development/characteristics - t r a n s l a t i o n  

C o r e   r e q u i r e m e n t s   ( t r a n s l a t i o n )  

Implemen ta t ion  on mini   computer  

Development 

C h a r a c t e r i s t i c s  - t e s t  e x e c u t i o n  

Core   r equ i r emen t s   (ove rhead   fo r  f i r s t  
e x e c u t i o n   o n l y )  

B a s i c   s u b r o u t i n e s   ( l i n k a g e )  

E x e c u t i o n   e f f i c i e n c y  

T r a n s l a t i o n   e f f i c i e n c y  

On -1 i n e   i n t e r a c t   i o n  

O n - l i n e   m o d i f i c a t i o n   i n   s o u r c e  

A d a p t a b i l i t y   t o   t i m e   s h a r i n g  
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Sys tern C o n f i g u r a t i o n  

The s y s t e m   c o n f i g u r a t i o n s  are l i s t e d   w i t h   a p p r o p r i a t e  com- 
ments   bu t  are n o t   p r e s e n t e d   i n   d e t a i l   i n   t h i s  summary volume. 
The c o n f i g u r a t i o n s  are summarized i n   f i g u r e  1 a n d   t a b l e  V I .  

Growth p a t h s   a n d   c o s t   e f f e c t i v e n e s s   o f   t h e   c o n f i g u r a t i o n s  
a re  p l o t t e d   i n   f i g u r e  2 .  

The h o r i z o n t a l   a x i s   o f   f i g u r e  2 is  a r e l a t i v e   m e a s u r e   o f  
s y s t e m   c a p a b i l i t y   ( n o t  t e s t  c a p a b i l i t y ) .  The r a t i n g   f o r   e a c h  
c o n f i g u r a t i o n  i s  a sum o f   t h e   i n d i v i d u a l   r a t i n g s   i n   T a b l e  V I .  

The v e r t i c a l   a x i s   i n   f i g u r e  2 i s  the   cumula ted   expendi ture  
f o r   h a r d w a r e   a n d   b a s i c   s o f t w a r e .  

Each c o n f i g u r a t i o n  is  p l o t t e d   a g a i n s t  i t s  performance r a t -  
i n g   a n d   c u m u l a t e d   e x p e n d i t u r e ,   i n   a r r i v i n g  a t  t h a t   c o n f i g u r a t i o n .  
The  most  economic  path i s  A 1  through C 4 .  Th i s   pa th  i s  q u i t e  
e f f i c i e n t .  Power vs   expend i tu re  is  n e a r l y   l i n e a r ,  no m a t t e r  
where   the   pa th  i s  e n t e r e d .  

From t h e   c u m u l a t i v e   c o s t   s t a n d p o i n t   a l o n e  , t h e   o b v i o u s   b e s t  
performance is  C l ' - C 4 .  However, o t h e r   c o n s i d e r a t i o n s   i n t e r v e n e .  
The  most  obvious i s  t h e   a b i l i t y   t o   s u p p o r t   a n d   e c o n o m i c a l l y   u s e  
the  more e x p e n s i v e   u n i t   i n   t h e  i n i t i a l  s t a g e s  of  a n   o v e r a l l   d e -  
velopment   program. It  t a k e s   t i m e   t o   d e v e l o p   s k i l l s ,   a p p l i c a -  
t ions,   and  demand;   and  while  demand i s  h i s t o r i c a l l y   u n d e r e s t i m a t e d  
f o r   c o m p u t e r   i n s t a l l a t i o n s ,  a case  can  be made f o r   s t a r t i n g  a t  a 
l o w e r   l e v e l ,   e v e n   i f   t h e   c u m u l a t i v e   c o s t  i s  u l t i m a t e l y   h i g h e r .  
Secondly,   one mus t be   fu l ly   convinced   of   the   t echnique   and  a p p l  i -  
c a b i l i t y .  I t  i s ,  h o w e v e r ,   i n t e r e s t i n g   t h a t   l o w e r   e a r l y   e x p e n d i -  
t u r e s   o f t e n   l e a d   t o   v e r y   s i g n i f i c a n t l y   h i g h e r   t o t a l   p r o g r a m   c o s t .  
One m i g h t   f o l l o w   t h e   A l - B l - B 2   p a t h ,   a s s u r e d   i n   h i s  small f i r s t  
inves tment   and  s t i l l  u n p a i n f u l   l a t e r   d e l t a s ,   u n t i l  i t  was too  
l a t e   t o   e c o n o m i c a l l y   r e c o v e r .  From s u c h   i n s t a n c e s  come the  
f a m i l i a r   h o r r o r   s t o r i e s   o f   " c o n v e r s i o n   c o s t s  . " A t  l e a s t  some of 
t h e s e   ( a p o c h r y p h a l )   s i t u a t i o n s  are  made,  not  born.  
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Figure  1.-  System  Configuration  Graphic Summary 
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Description 

Minimum  dedicated  system for functional 
test of large-scale  arrays (LSA) 

Configuration A1 with  addition of para- 
metric test capability for digital LSA 

Minimum system for time-sharing test 
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Addition of reliability testing 

TABLE VI 

SYSTEM  CONFIGURATION SUMMARY 

Detailed  characteristics 
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within  system 
Minimum test language  configuration and test monitor  operate 
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The  minimum CPU, language, and monitor of  A1  retained;  para- 

ulus and measurement test channels to test station and incor- 
poration of corresponding  statements in test language 

This  configuration  adds  capability for time-sharing two sta- 
tions t o  dedicated  system of Al; addition of time-sharing  has 
no effect on test station or computer  hardware  itself 
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Device  Research Branch). 

Modular increments to memory and I/O control  implemented to 
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:onfiguration 
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Description 

Third-generation CPU in dedicated sys- 
tem  for functional test of digital LSA 

Backgroundlforeground system for dedi- 
cated test of digital LSA 

Backgroundlforeground system for time- 
sharing of reliability and LSA test 
stat ions 

Expansion of C3 time-sharing system to 
additional users and addition of mod- 
ern channels 

Remote user time-sharing system 

TABLE VI.- Concluded 

SYSTEM CONFIGURATION SUMMARY 

Detailed characteristics 

This configuration similar to Al, except that  "stripped-down'' 
version of computer capable of expansion to medium- or large- 
scale application used for central processor; minimum peri- 
pherals, basic operating system, and simple interpretive 
language identical to A1 

This system identical to C1 except 4000-word increase in core 
size permits translation concurrent with testing add a rela- 

essentially same 
tively powerful language processor (L3); rest of configuration 

This configuration converts C1 t o  time-sharing and adds test 
station and software for reliability testing. CPU hardware 
in rore size and addition of magnetic tape; I10 control modi- 

of test monitor for time-sharing and addition of new test and 
fied for time-sharing; software changes include modificaLion 

data analysis functions to  test monitor and language;  addi- 
tional capabilities added to  the operating system 

The capability of C3 time-sharing system to accept additional 
test stations, and consequent increase in batch processing 
load, is tested here; two diverse applications selected: (1) 
typical laboratory automation application (mass spectrometer), 
and ( 2 )  typical developmental application (flight dynamics) 

Only hardware expansion is modular increase in drum size for 
data, and program storage and software extensions for new uses 

Full remote user capability provided, including remote batch 
110; dedicated "minicomputer" added to  test terminal for local 
control and data compression;  CPU expanded and next higher 
level operating system installed to provide control of remote 
batch terminals 
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Conc lus ions  

C o n c l u s i o n s   a r e  as fo l lows:  

An i n i t i a l   d e v e l o p m e n t   p h a s e   u s i n g   s m a l l - s c a l e  com- 
puter   hardware  can  be  economical ly   implemented;  

Maximum expans ion  o f  t h i s   i n i t i a l   c o n f i g u r a t i o n   p r o -  
v i d e s   o n l y   l i m i t e d   p o t e n t i a l .   T h i s  i s  due t o   t h e  
i n h e r e n t   l i m i t a t i o n s  of a s m a l l - s c a l e   c o m p u t e r ;  

Conver s ion   t o  a su i t ab le   med ium-sca le   compute r   u sed  
i n  a t ime-sha r ing  mode can   p rov ide   cons ide rab le   g rowth  
c a p a c i t y ;  

A v e r y   s i g n i f i c a n t   c o s t   p e n a l t y   c a n   u l t i m a t e l y   r e s u l t  
i f   t h e   i n i t i a l   c o n f i g u r a t i o n   a n d   t h e   c o n v e r s i o n   a r e  
n o t   p r o p e r l y   c o n t r o l l e d ;  

Adherence   to   the   op t imum  growth   pa th   in   f igure  2 can  
minimize  the  expansion "loss" t o   l e s s   t h a n  20% of  
f i n a l  c o s t  ; 

Expansion  beyond  the  needs of ERC Automated  Tech- 
n i q u e s   B r a n c h   a l o n e   a p p e a r s   t e c h n i c a l l y   a n d   e c o -  
n o m i c a l l y   f e a s i b l e .   T h i s  i s  d e f i n e d  as Phase I11 
and  provides  f o r  s e r v i c i n g   o f   c o m p l e t e   r e m o t e   i n -  
s t a l l a t i o n s  by  means of  a c e n t r a l l y   l o c a t e d ,   e x p a n d e d ,  
Phase I1 c e n t r a l   p r o c e s s o r .  
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SPECIFICATIONS 

Each  augmentat ion of t h e   s y s t e m   s h a l l ,   i d e a l l y ,   b e  a s u p e r s e t  
o f   t he   p rev ious   sys t em.   Subsys t ems   shou ld   be   a s   i ndependen t   o f  
e a c h   o t h e r  a s  p o s s i b l e  s o  t h a t   e x p a n s i o n   o r   c h a n g e   i n   o n e   e l e m e n t  
( e . g . ,   t h e   c o m p u t e r )   r e f l e c t s   m i n i m a l l y   i n t o   o t h e r   s u b s y s t e m s   ( e . g . ,  
t h e   t e s t   s t a t i o n ) .  The bas i c   sys t em  des ign   shou ld   be   i ndependen t  
o f  t e c h n i c a l   t e s t   p a r a m e t e r s   ( s t i m u l u s  a n d   m o n i t o r   c a p a b i l i t y )   a s  
f a r   a s   p o s s i b l e ,  and t h e   s y s t e m   s h o u l d   e x h i b i t   t h e   c h a r a c t e r i s t i c s  
d e f i n e d   i n   t h e   r e q u i r e m e n t s   a n a l y s i s   s e c t i o n .  The   fo rego ing   r ec -  
ommendations a r e   d e p i c t e d   i n   f i g u r e  3 .  

Phase I - S t a r t u p  

The o b j e c t i v e   o f   t h i s   p h a s e  i s  t o   " g e t   i n   b u s i n e s s , "   t h a t  i s ,  
t o  produce a working minimum s y s t e m   f o r   f u n c t i o n a l   t e s t i n g   o f  a 
s i n g l e   c l a s s   o f   d e v i c e s   ( l a r g e - s c a l e   a r r a y s ) .  Some compromise i s  
made i n   t h e   a r e a  o f   s o f t w a r e   a n d   t h e   t e s t   l a n g u a g e   b e c a u s e   t h e  
Phase I so f tware   i nves tmen t  w i l l  b e   l a r g e l y   l o s t  when p r o g r e s s i n g  
t o  Phase 11. The r e s t r i c t i o n s  imposed by a l i m i t e d   c e n t r a l   p r o c e s -  
s o r   a l s o   f o r c e   s o f t w a r e   c o m p r o m i s e s .  

Phase I1 - Growth 

The o b j e c t i v e  of Phase I1 i s  t o   e s t a b l i s h  a s y s t e m   t h a t  i s  ex-  
p a n d i b l e   t o   a n y   f o r e s e e a b l e  ERC need   o f   t he   nex t   f i ve   yea r s .   The  
f i r s t   i m p l e m e n t a t i o n  w i l l  p rov ide  a m i n i m u m - c o n f i g u r a t i o n ,   t h i r d -  
g e n e r a t i o n   c e n t r a l   p r o c e s s o r .  The t e s t  s t a t i o n s   a r e   c a r r i e d   o v e r  
from  Phase I. An o p e r a t i n g   s y s t e m  i s  i n t r o d u c e d ,  and a more  power- 
f u l   l a n g u a g e   p r o v i d e d .  

The i n i t i a l   i m p l e m e n t a t i o n   o f   P h a s e  I1 w i l l  b e   s u c h   t h a t   l a t e r  
m o d u l a r   e x p a n s i o n   t o   t h e   f o l l o w i n g   c a p a b i l i t i e s  w i l l  b e   p o s s i b l e :  

1) T i m e - s h a r i n g   o f   m u l t i p l e   t e s t   s t a t i o n s ;  

2 )  P o w e r f u l   t e s t   l a n g u a g e ;  

3 )  S o p h i s t i c a t e d   d a t a   a n a l y s i s   a n d   m a n a g e m e n t ;  

4 )  Foreground /background   ope ra t ion   (min imizes   con f l i c t   o f  
t e s t i n g  a n d   l a n g u a g e   t r a n s l a t i o n ) ;  

5) System c a p a b i l i t y   f o r   a n y   t e s t   c a t e g o r y   d e f i n e d   i n   t h e  
" R e q u i r e m e n t s   D e f i n i t i o n "   s e c t i o n   o f  Volume 11. 
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Phase I11 - E x p l o i t a t i o n  

T h e   o b j e c t i v e   o f   t h i s   p h a s e  i s  t o   e x p l o i t ,   b o t h   t e c h n i c a l l y  
and   economica l ly ,   t he   base   deve loped   du r ing   Phase  11. T h e   c e n t r a l  
p r o c e s s o r  i s  modular ly   expanded t o  p r o v i d e   t i m e - s h a r i n g  t e s t  and 
b a t c h  service t o   o t h e r   u s e r s  (who may b e   w i d e l y   s c a t t e r e d ) ;   u s e r s  
may s h a r e   i n   t h e   a m o r t i z a t i o n   o f  common equipment   and  sof tware  a t  
a v e r y   s i g n i f i c a n t   c o s t   s a v i n g s .   V e r y   a d v a n c e d  t e s t  and d a t a  man- 
a g e m e n t   t e c h n i q u e s   a r e   p o s s i b l e ,   i n c l u d i n g :  

1) A network of common t e s t  programs  and  a lgori thms;  

2 )  A common t e s t  d a t a   b a s e ;  

3 )  Power fu l   l anguage   and   computa t ion   capab i l i t y ;  

4 )  U s e r   c o m m u n i c a t i o n   v i a   t h e   c e n t r a l   l o c a t i o n ,   f o r  
r e a l - t i m e   d a t a   c o r r e l a t i o n s  and s i m i l a r   c r o s s - u s e  
pu rposes .  

The t e s t   s t a t i o n  a n d   i n p u t / o u t p u t   c o n t r o l   a r e  common t o   a l l  
p h a s e s .   T h e   c e n t r a l   p r o c e s s o r ,   o p e r a t i n g   s y s t e m ,  and t e s t   l a n g -  
u a g e   t r a n s l a t o r   a r e   e a c h   s p e c i f i e d   f o r   P h a s e  I, 11, and 111. 

T e s t   S t a t i o n  

A n a l y s i s   o f   t h e  t e s t  s i t u a t i o n   i n d i c a t e s   t h a t  many f u n c t i o n s  
a s s o c i a t e d   w i t h   c o n t r o l ,   s e q u e n c i n g ,   t i m i n g ,  and   housekeeping   a re  
common t o   a l m o s t   a n y   v i s r l a l i z a b l e  t e s t .  O t h e r   f u n c t i o n s   a s s o c i a t e d  
wi th   s t imulus   and   measurement   va lues ,   l eve ls ,   and   dynamics   can   be  
s t a n d a r d i z e d   t o  some e x t e n t ,   b u t   a r e ,   f o r   t h e  most p a r t ,   h i g h l y  
s u b j e c t   t o   c h a n g e .  

The b a s i c   c o n c e p t   d e v e l o p e d   f o r   t h e   t e s t   s t a t i o n  i s :  

To p rov ide  a common s t a t i o n   c o n t r o l   s e c t i o n   f o r   s t a n d -  
a r d   f u n c t i o n s ;  

To p rov ide  a s e r i e s   o f   m o d u l a r  t e s t  channe l s ,   e ach  
s e r v i n g  a p a r t i c u l a r  s t i m u l u s  o r   m o n i t o r   f u n c t i o n ,  
w h i c h   a r e   c o n t r o l l e d  and s e r v i c e d  by t h e   s t a n d a r d  
c o n t r o l   s e c t i o n  and  provide a s t a n d a r d   i n t e r f a c e   t o  
i t ;  

To u s e  a s i m p l e   u n i q u e   a d a p t e r   b e t w e e n   t h e   t e s t   c h a n -  
n e l s  and t h e  t e s t  u n i t   i t s e l f ,   t o   p r o v i d e   s p e c i a l  
l o a d s ,  t e s t  u n i t   c o n n e c t i o n ,   a n d   o t h e r   f u n c t i o n s  
u n i q u e   t o  a s p e c i f i c  t e s t  a r t i c l e ;  
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4 )  To make t h e   t e s t   s t a t i o n   c o m p u t e r - i n d e p e n d e n t  by p r o -  
v i d i n g  a s e p a r a t e ,   s m a l l  1/0 c o n t r o l   u n i t   t h a t  w i l l  
a d a p t   t h e   c o m p u t e r   t o   t h e   s t a n d a r d   t e s t   s t a t i o n   c o n -  
t r o l   i n t e r f a c e ,  thus  l i m i t i n g  the impact  of d i f f e r -  
en t   compute r s  on the t e s t   s t a t i o n s   t o  a s i n g l e ,  smsll 
d e v i c e .  

D e t a i l e d   s p e c i f i c a t i o n s   f o r   t e s t   s t a t i o n ,   i n p u t / o u t p u t   c o n t r o l ,  
c e n t r a l   p r o c e s s o r ,   a n d   s o f t w a r e   a r e   g i v e n   i n  Volume I1 o f   t h i s   r e -  
p o r t .  
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" 

COST EFFECTIVENESS STUDY 

GENERAL 

The  approach  selected  for  the  cost  effectiveness  study is  to 
compare  the  costs  of  conventional  test  equipment with the costs 
of the  test  system  specified in this report,  when both  are  used 
in  a typical  component  test  situation.  The  study  includes  initial 
costs and projections to 1975. 

The  term  "conventional"  used in this  section  refers to  the 
standard  automatic  test  equipment  available  commercially. It is 
generally special-purpose, in  that an item  of  equipment, includ- 
ing  the computer, will.  test  one class  of components (such  as 
integrated circuits). The  term  "specified" refers to  the system 
defined  in  this report. It is  characterized  by  multiple  use of 
the  computer  and  other common functions to control a variety  of 
smaller, standard  test  equipment  items  for  any  class  of  components. 

Organization 

The  organization  of the study is as follows: 

The  installation is baselined  in  terms  of  present 
(conventional)  equipment  and  staffing costs; 

These  are  then  projected to 1975; 

Cost of  conversion to  the equipment  specified  in 
this  report  in 1970 is estimated, and  growth  costs 
are  projected  through 1975; 

Conventional  and  specified  system  costs  are  then 
converted to a per  part dollar test  cost.  These  two 
figures  may be used  to estimate the effectiveness  of 
the  two  systems  for  any  normal R&D project, by using 
a "parts  per $1,000,000 contract  value"  derived  from 
several  typical R&TI hardware programs. 

Table VI1 summarizes the cost  effectiveness  study.  Figure 
4 is a plot  of  total  cumulative costs, and figure 5 indicates 
test  requirements  and  capabilities. 

29 



TABLE V I 1  

COST ZFFECTIVENESS SUMMARY 

I tem 
~~ 

Equipment ,  $ 

1. O r i g i n a l   i n v e s t m e n t  

2 .  1969  investment  (cum) 

3 .   1972   p ro jec t ed   i nves tmen t   ( cum)  

4 .   1 9 7 5   p r o j e c t e d   i n v e s t m e n t   ( c u m )  

Equipment   main tenance ,  $ 

1. 1969   annua l   cos t  

2 .  1 9 7 2   p r o j e c t e d   c o s t  (cum) 

3 .   1 9 7 5   p r o j e c t e d   c o s t  (cum) 

P e r s o n n e l ,  $ 

1. 1969   annua l   cos t  

2 .  1.972 p r o j e c t e d   c o s t  (cum) 

3 ,  1 9 7 5  p r o j e c t e d   c o s t  (cum) 

T o t a l   c m u l a t i v e   c o s t ,  $ 

1. 1969   annua l   cos t  

2 .  1972 p r o j e c t e d   c o s t  

3 .   1 9 7 5   p r o j e c t e d   c o s t  

C a p a b i l i t y  

1 .  1969 s t a t u s  

People  
Days 

2 .  i 9 7 2   p r o j e c t e d  

People  
Days 

3 .   1 9 7 5   p r o j e c t e d  

P e o p l e  
Days 

Tes t   cos t   pe r   componen t ,  $ 

1. 1969   cos t  per u n i t  

2 .  1 9 7 5   c o s t   p e r   u n i t  

T e s t   c o s t   f a c t o r s  

1. Present   (1969)  

2 .  P ro jec t ed   (1975)  

30 

C o n v e n t i o n a l  
s y s  tem 

-~ 

2 7 2  031 

570  557 

869  083 

1 466  135 

82  900 

429  250 

1 048  250 

327 000 

1 650  692 

3 640  980 

980  457 

2 949  025 

6 155  365 

19 
3 971 

27 .3  
5 705.7 

36 .5  
6  387 

2.02 

6 .70  

K = 3 020 

K = LO 000 

2 7 2  031 

572  031 

831  031 

970 000 

35  270 

190  950 

484  495 

163  946 

829  046 

1 851  533 

7 7 1  247 

1 851  027 

3 426  059 

8 
1 672 

11 .5  
2 403 .5  

1 5 . 1  
3 155.9 

1.58 

3 .73  

K = 2 361 

K = 5 58( 

D i f f e r e n c e  
~~ 

~~ ~ 

0 

1 474 

-38  052 

-496  135 

-47  630 

-238  300 

-563 755 

-163  054 

-821  646 

-1 789 447 

-209 210 

-1 097 99E 

2 729  306 

-11 
-2 299 

-11.5 
-3  302.2 

-20.5 
-3  231.1 

-0.44 

-2.54 

". . 
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